In the rock drilling progress, the resistant force results in tools failure and the low drilling efficiency; thus, it is necessary to reduce the tools failure and enhance the drilling efficiency. In this paper, different configuration modes of drilling performance assisted with water jet are explored based on the mechanism and experiment analysis of rock drilling assisted with water jet. Moreover, the rotary sealing device with high pressure is designed to achieve the axial and rotation movement simultaneously as well as good sealing effect under high-pressure water jet. The results indicate that the NDB and NFB have better effects on drilling performance compared with that of NSB. Moreover, the high-pressure water jet is helpful not only to reduce the drill rod deflection, but also to reduce the probability of drill rod bending and improve the drill rod service life.
Introduction
Impact drilling fracturing is a universal method for rock breaking in engineering, such as railway and highway tunneling, underground roadway excavating, quarries, and coal mining. According to statistics, the excavating length of a hard rock roadway is more than 2000 km every year in China. The annual increasing length of highway tunneling is 1000 km, and the planning length for railway tunneling has been over 10000 km since 2011. When tunnel boring machines and selective roadheader excavate roadway from hard rock that its protodyakonov coefficients are more than 8, their working construction and cutting tools impact and wear violently; at the same time, the working space is unrestricted and working environment is worse, so that their working effect is so poor that cost is high. Drilling and blasting method is used widely because of great adaption ability to geological conditions. The time required for drilling occupies a large proportion of the overall time required for hard rock roadway excavating processes. A poor drilling efficiency results in even longer drilling times. Therefore, it is valuable to study ways to reduce drilling time and improve drilling efficiency.
The influence of the rock properties, feed pressure, and inlet pressure on the drilling velocity was investigated using pneumatic drill experiment [1] . Kwon et al. [2] designed a drill bit with a new button arrangement to improve the drilling efficiency based on a drop-type piston impact test system. Saksala et al. [3, 4] constructed a 3D numerical model of a bit/rock system and proposed that side cracks were caused by tensile stresses associated with a quick unload, and there was significant shear and tensile damage underneath the hemispherical button. One year later, experiments using an equilateral triangle bit were used to determine the influence of the impact velocity on side cracks between buttons during percussive drilling. The concrete was utilized to replace rock and the influence of the working parameters and material properties on the drilling velocity and energy consumption for drilling was examined [5] . The influence of preexisting and structural cracks on granite rock fragmentation was studied via experiment [6] . Moreover, the vibration of drill rod was researched to predict and reduce the deflection. A three-dimensional dynamic model of drill rod was built for studying the influence of drilling pressure, torque, rotating speed, and other parameters of the drilling process, which indicated that the intermittent contact, dynamic torque, and friction have an important influence on the vibration characteristics [7, 8] . Considering the collision conditions of the drill rod and rock, the interacted system coupling dynamics model of multidrilling mechanism and rock was built, and the vibration was acquired under different compression strength of rocks and different rotational speeds of drill [9] . A new fivebit coal auger working mechanism test model was established to explore the influence factor on vibration and deflection under different conditions and a simulation model was built to further research the effect of partial load and stabilizer arrangement [10] . The dynamic analysis of a microdrill was investigated under ultrasonic vibration (50 kHz) excited with a piezoelectric-driven actuator experimentally and numerically by using finite element analysis [11] . However, there are many problems with the impact drilling, such as dust and bit wear. Scholars had proposed the rock breaking assisted with high-pressure water jet to solve the above problems [12, 13] . Different configuration modes of water jet were presented to reduce the failure of tools and enhance the efficiency of cutting and drilling [14] . With the development of water jet technique, the abrasive water jet, as a new kind method, has been developed in hard rock mechanical cutting and drilling [15, 16] . However, the water jet used in rock drilling is relatively less, and scholars had conducted some research. The water jet assisted drill was performed to evaluate performance at thrust levels and the results indicated that drilling rates increased with increasing water pressure and thrust [17] . The analytical approach was presented to study the delamination during drilling by water jet piercing and the fracture mechanics with plate theory were used to describe the mechanism of delamination [18] . The work with water jet assisted blasthole drilling was investigated to reduce drill bit wear and hole deviation and the results demonstrated that water jet assisted drilling can significantly increase the rate of penetration over conventional rotary drilling about 40% [19] . The effects of water jets on the PDC bit forces were also investigated based on the mechanical analysis of water jets assisting PDC bit, and the results showed that the force reduction was about 30% to 52% [20, 21] . Wear characteristics of the cemented carbide blades in drilling limestone with water jet were studied and experiment results showed that the water jet pressure had an important influence on the wear rates of the cemented carbide blades in the drill bits [22] . The fruitful achievements of the previous studies provide a reference for this paper, but there still exists room for improvement. On the one hand, researchers have made a lot of research from rock drilling, but research on highpressure water jet assisted drilling was little. On the other hand, the majority of research was combined with rotary drilling but rarely with impact drilling, and the research of high-pressure water jet sealing device which can realize axial and rotational movement simultaneously was needed, so it is necessary to explore the high-pressure water jet combined with impact drilling.
In this paper, the mechanism of water jet assisted rock drilling is explored and the impact crushing experiment assisted with water jet is carried out directed against the different bit types and water pressure in order to obtain the effect of different configuration modes on drilling speed and drill rod vibration based on developing high-pressure water jet sealing device which can realize axial and rotational movement simultaneously for drill rod.
Mechanism of Drilling Assisted with Water Jet
The mechanism of water jet assisted rock drilling was shown in Figure 1 ; the process was divided into four tasks, impact, propulsion, rotation, and water jet assisted drilling. Impact was generated by the impact piston impacting the shank adapter to transfer energy into the rock causing it to become fragmented. Propulsion was applied to maintain rock surface contacting with drilling bit and exiting from the completed hole to prepare for a new drilling hole position under feed.
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Rotation caused the drilling bit to rotate to a new position for rock fragmentation after each completion of impact; in addition, some rock surfaces with cracks were peeled off. Water jet assisted drilling was mainly reflected in auxiliary rock breaking and rock carrying two aspects. The crushing and crack zone were formed at the rock bottom after the rock was impacted by the drilling bit, and dense nucleus was formed in the crushing zone. The cone crushing funnel was formed due to the expansion of the main crack and radial crack. The dense nucleus, consisting of fine rock powder which was formed due to the shear, absorbed energy under the impact to promote volume expansion and produce fracturing extrusion. Then, a large crushing area was shaped due to the expansion of radial cracks and main cracks. And the radial and transverse cracks were formed around the crushing zone. When the transverse crack extended to the free surface, the rock broke completely and then the broken pit was formed. While the water jet entered into the crack and mixed with the rock powder, the water wedge effect on fracture was formed which prompted the rock crack propagation and crushing. Meanwhile, the water jet washing the bottom and the hole wall carried the rock powder and debris out, which ensured the bit contacted rock fresh surface with each impact. Thus, the energy dispersion and repeated fragmentation were reduced and the energy utilization was improved.
The rock stress state when the water jet enters the rock crack was shown in Figure 2 ; the rock bears drilling force and tensile force of the water jet in the crevice simultaneously. This kind of stress state can be regarded as the open mode crush, which was the Mode I crack in fracture mechanics [16] .
According to the fracture mechanics, the stress state at the crack tip can be expressed as follows:
where r was the distance from the crack tip to any point, mm; was the angle between the line from the crack tip to the point and horizontal direction, rad; and I was stress intensity factor of Mode I fracture. According to crack development conditions, the crack will extend to the free surface causing the rock mass fracture to occur when the stress at the point ( , ) exceeds the rock tensile strength. In order to reflect the effect of the water jet assisted rock drilling, the bit force assisted with water jet was compared with that of without water jet. When the rock drilling was assisted with water jet, the necessary condition for the development of cracks without water jet at the point ( , ) was that the stress produced by the bit must be equal to or exceed the rock critical stress , that is, where was the stress of the bit which must be applied on the point ( , ) without water jet, MPa.
The necessary condition for the development of cracks with water jet at the point ( , ) was that the resultant stress produced by the bit and the water jet must be equal to or exceed the rock critical stress , that is,
where was the stress produced by water jet on the point ( , ), MPa, and was the stress of the bit which must be applied on the point ( , ) with water jet, MPa.
The reduction rate of the bit force assisted with water jet can be obtained as follows by solving the above two equations
The stress produced by water jet at the point ( , ) can be given by (1)
The stress intensity factor I was given by fracture mechanics as follows:
where P was the water jet pressure into the crack tip, in which = 0 − / ; was the test constant, ≈ 0.025; was the cutting width using jet, mm; and 0 was the initial jet pressure, MPa.
The relationship among , , and was shown in Figure 3 . It can be seen that the drilling force reduced to 0 when ( ) = during the process of crack propagation, and there existed an initial water pressure 0 = / which could reduce the drilling force to the minimum. The results indicate that the jet pressure must exceed the rock critical stress to ensure that the rock can be slotted using the jet during crack generation or the jet pressure exceeds 0 to reduce the drilling force in the process of crack propagation. 
Drilling Experiment Assisted with Water Jet
The impact rotary sealing device and different bit types were designed considering that the water was hard to seal and to obtain the best rock drilling effect assisted with water jet, which can realize axial and rotational movement simultaneously to explore the impact drilling effect assisted with high-pressure water jet, and to provide scientific basis for improving the efficiency of rock breaking as well as providing reference for improving the reliability and service life of rock drill.
Sealing Device.
Considering the required sealing effects device under the axial movement and rotation movement simultaneously, there was a good sealing effect, the external impact rotary sealing device was used, and the design scheme was shown in Figure 4 .
Both of the sliding ring combined seal ring and Vpacking seal can achieve the same performance according to the combination seal structure. The characteristics of the sliding ring combined seal ring were small volume and small resistance, but it was required that the gap between the shaft and the supporting body was small, which was suitable for pressure under 50 MPa. The characteristics of V-packing seal were the small sealing length, large running resistance, and relatively large volume, which can automatically adjust the pretightening force according to the pressure and can be used in high-pressure situation. Considering that the maximum working pressure was about 40 MPa and the hydraulic rock drill rotary power limitation, the sliding ring combined seal ring was selected as the sealing device in the experiment.
3.2.
Nozzle. The cylindrical nozzle can transform pressure energy into kinetic energy with high conversion efficiency, and the cylindrical section can realize the jet stable and long range, which was widely used in the actual production, so the nozzle was designed as a cylindrical nozzle. According to the related research, it can be concluded that the nozzle has the best injection effect when the contraction angle was 13 ∘ and the ratio of length to diameter was / = 2 ∼ 4 [19] . As shown in Figure 5 , the nozzle diameter, the ratio of length to diameter, and the cylinder length were designed as 0.5 mm, 4, and 2 mm, respectively, according to the nozzle number and water pump power.
The seven-button bit was used for the experiment because the seven-button bit has better effects on medium strength and hard rock breaking [20] . The configuration mode can be divided into NWB, NFB, NSB, and NDB according to the nozzle number and the installation position on the drilling bit. Taking the NDB mode as example, the nozzle position on the bit was shown in Figure 6 . The target distance and the angle between the axis and the drilling bit axis were designed as 5 mm and 10 degrees for the top nozzle according to the button size and bit diameter. The target distance and the angle for side nozzle were 3 mm and 50 degrees, and the nozzles used were all brazed on the drilling bit; the final designed bit assisted with water jet was shown in Figure 7 .
The test device of drilling assisted with water jet was shown in Figure 8 ; the eddy current displacement sensor was installed on the rod top in order to explore the effect of the bit type and the pressure on the drill rod vibration.
There were many factors influencing the effect on drilling assisted with high-pressure water jet, such as nozzle diameter, water pressure, target distance, bit structure, nozzle number, and the nozzle position. However, taking the existing experimental conditions and the bit size into account, the effect of water pressure, nozzle number, and nozzle position on the drilling was researched in this paper and the nozzle number and nozzle position boil down to the bit type. The drilling speed and vibration displacement were the evaluation index for the drilling performance, representing the work efficiency and the drill rod service life. The test object was concrete and the mechanical parameter was shown in Table 1 .
Results Analysis

Simulation Analysis of Water Jet in Bit Nozzle.
Nozzle was an important component of the drilling device assisted with water jet, which had a profound influence on the effect of water jet drilling. The pressure and velocity distribution characteristics of the flow field were investigated through the numerical simulation to analyze the debris carrying performance and rock breaking performance. According to the structure characteristics and installation position of the nozzle, the two-dimensional simulation model of the water jet of the bit nozzle was established as shown in Figure 9 . The diameter of the hole in the model was set as 45 mm, and the inlet pressure was set as 10 MPa, 20 MPa, 30 MPa, and 40 MPa, respectively. And the distribution of velocity in the hole for different configuration modes was shown in Figure 10 when the pressure was 40 MPa.
As shown in Figure 10 , the phenomena of attenuation, reflux, overflow, vortex, and retention for the velocity appeared due to the influence of bottom hole, bit surface, and bit on the water jet, and the distribution of velocity could be divided into four zones: (1) jet region, (2) impact zone, (3) overflow area, and (4) recirculation zone. In the jet region, the energy loss was very large due to the mixture with air, and Shock and Vibration 5 Water jet (7) (9) (10) (11) (12) (13) (14) (1)
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(2) Sliding ring combined seal the velocity fluctuated greatly in the nozzle diffusion edge, but the velocity tended to be stable with the increase of the jet length. There existed a dead point in the impact zone when the water jet impacted on the bottom hole, and the pressure decreased along the radial direction from the dead point. In the overflow area, the velocity appeared relatively stable, and the velocity decreased along the flow direction, which will carry rock debris out of the bottom hole. In the recirculation zone, the water jet arrived at the junction of the bottom hole and the surface, and the vortex and retention phenomenon appeared which would cause the accumulation of debris in the bottom hole easily. Moreover, as shown in Figure 10 (c), when the angle between the nozzle and the bottom hole was approximately 90 degrees, the water dispersed to both sides. And an enclosure space which would lead to vortex was formed between the nozzle and bit surface due to the impediments of the bit surface. Thus, in order to reduce the occurrence of vortex, the unloading tank on the drill bit could be designed to drain out the rock debris quickly. The distribution of dynamic pressure which could reflect the drilling performance and the velocity in the hole to some degree for different configuration modes was shown in Figure 11 . The velocity of water jet was 0 at the impact point when the jet impacted on the rock, which means that the lower the dynamic pressure at the impact point, the better the auxiliary rock drilling performance. Thus, under the same pressure, the NFB had better auxiliary rock drilling performance, followed by the NDB, and the worst was the NSB. Also, the higher the dynamic pressure in the bottom hole field, the better the carrying debris effect. As shown in Figure 11 , it could be derived that the NDB, NFB, and NSB had the same trend on the upper surface, and the curve varied smoothly over a wide range. Moreover, the NDB had higher dynamic pressure, which showed that it had better debris carrying effect at the upper surface. Because of the complexity of drilling assisted with water jet, it was difficult to observe the velocity distribution in flow field under different configuration modes. Thus, the experiment was carried out to research the drilling speed and vibration displacement, which was the reflection of the flow field distribution.
Experimental Research on Drilling Assisted with HighPressure Water Jet.
Rotational speed was an important parameter affecting the drilling performance; it was necessary to study the influence of water pressure on the drilling rotational first to get the running resistance of sealing device and to provide the basic data for the subsequent improvement. The relationship between the rotational speed and water pressure was shown in Table 2 when the hydraulic rock drill rotary motor working pressure and the flow were set to 15 MPa and the maximum. From Table 2 , it can be seen that the maximum speed was 240 r/min with no water pressure, and the speed dropped 14.2% compared with the speed 280 r/min without sealing device. Moreover, with the increase of water pressure, the speed decreases approximately linearly. Therefore, in order to reduce the influence of water pressure on the rotary performance, it was necessary to improve the ratio of rotary power and the impact power to enhance the rotary performance in the subsequent hydraulic rock drill design.
As shown in Table 2 , the rotational speed of hydraulic drill was 205 r/min when the water pressure was 40 MPa, and the test speed was set to 200 r/min in order to give some redundancy. The impact pressure and the flow were set to 14 MPa and 50 L/min, and the corresponding impact frequency and the impact power were about 42.5 Hz and 3.8 kW. The propulsion force was set to 3800 N, and the water pressure was set to 10 MPa, 15 MPa, 20 MPa, 25 MPa, 30 MPa, 35 MPa, and 40 MPa. Taking the double nozzle bit as an example, the process of drilling assisted with water jet was analyzed at the 15 MPa water pressure.
The rotational speed and displacement and variation with time during the process of drilling were shown in Figures 12  and 13 . It can be seen that the displacement can be divided into three sections: the opening hole, the fast drilling, and the return stroke. The displacement change was relatively slow and the vibration fluctuated around a certain value in the opening hole section, and the rotational speed basically remained unchanged because the rotation resistance was small under the impact initial section. Moreover, the rotary resistance increased with the increasing of drilling depth, and deflection occurred in the rod and the vibration increased in the fast drilling section. The rotational speed, displacement, and the vibration reached the minimum and maximum, respectively, when drilling to the bottom. Therefore, the increased rotary resistance of hydraulic drill was from not only the poor drainage for the debris, but also the drill rod deflection causing the rod bending deformation, which increased the friction between the rod and pore wall as well as the guide copper sleeve and hole wall. It was easy to cause the sticking phenomenon which will reduce the service life of drill rod. In return stroke, the drilling rod withdraws from the working face and the rotary resistance suddenly reduced and the rotatory speed fast recovered to the initial value.
The concrete orifice shape under different bit type with the 40 MPa water pressure was shown in Figure 14 . The orifice and diameter of NFB and NWB were relatively regular and small. But for NSB and NDB, the orifice was rough and orifice diameter was relatively large, which indicated the NSB mode had better reaming effect.
Usually, the maximal vibration displacement of drill rod appeared in the bottom hole, so the difference between the average value of the maximum during the drilling process and that before drilling was defined as the vibration displacement result to reduce the error caused by the experiment. There were two measuring points of vibration displacement, and the measuring points were shown in Figure 8 .
The relationship between drilling speed and water pressure was shown in Table 3 and Figure 15 , in which the growth rate was compared with NWB, so drilling speed assisted with water jet had the same trend as the speed growth rate. As shown in Figure 15 , the drilling speed increased with the increasing of water pressure for NDB, but that of the NFB and NSB decreased with the increase of water pressure. Moreover, the drilling speed for NFB and NSB was lower than that of NWB when the water pressure was over 35 Mpa and 15 MPa, respectively, which indicated that the higher the pressure, the worse the effect of water jet assisted drilling, and water jet played a counteractive role in improving drilling speed for the two configuration modes. For NDB, there existed the maximum value at 35 MPa water pressure and the drilling speed increased by 28.25% compared with NWB. Moreover, the drilling speed was higher than that of NWB within the pressure scope of the study, which showed that NDB mode had promoting effect in improving the drilling speed.
The relationship between orifice diameter and water pressure was shown in Figure 16 . As shown in Figure 16 , the orifice diameter of three configuration modes increased with the increasing of pressure. From the point of view of the diameter growth rate, the NDB and NSB had better effects on the drilling performance compared with NWB. The increase rate of the diameter was over 13% when the pressure was over 30 Mpa, and the higher the pressure, the faster the variation rate of diameter, which indicated that the NDB and NSB had better drilling performance in view of the orifice diameter growth.
It could be seen that the impact point of NSB appeared in the bottom hole from the flow field simulation analysis and the hole diameter was enlarged in the test, which reflected the auxiliary drilling performance of water jet. However, the test results showed that the water jet played a counteractive role in improving drilling speed for NSB because much energy was consumed with the water jet assisted rock drilling, which resulted in part of water being drained out of the hole and caused water to reduce in the hole bottom. Moreover, the water which flowed into the junction of bottom hole would raise the circumfluence and vortex, causing the further energy consumption and the capacity of carrying debris at Shock and Vibration the bottom to be greatly reduced. And it resulted in the debris being repeatedly broken and the drilling speed being reduced. The reason of the higher the water pressure, the smaller the drilling speed was that the rock breaking depth increased with the pressure increasing; the annular cutting groove was formed in the bottom, as shown in Figure 17 . And the formation of phacolith between the groove and drilling hole prevented the water jet from entering into the bottom; thus, it needs to break the phacolith and then the water could arrive at the bottom to carry debris, causing the drilling speed to be decreased and bit wear to be increased.
The simulation results showed that the NFB had good auxiliary rock drilling performance and rock carrying capacity in bottom hole, and the NDB had good carrying capacity inside surface. The drilling performance assisted with water jet was weak when the pressure was low. It was mainly embodied in the smaller orifice diameter difference between NDB and NFB, and the main performance of the water jet was debris carrying. The reason of the drilling speed of NFB being higher than that of NDB at low pressure was the better debris carrying capacity of NFB than that of NDB from the simulation analysis of dynamic pressure inside surface. The drilling performance was enhanced when the water pressure increased. The side nozzle of NDB auxiliarily crushed concrete which enlarged the hole size and the space for debris removal and reduced the debris accumulation at the junction between the bottom and wall to ensure the top nozzle playing good role in the rock breaking and debris carrying capacity. Therefore, the drilling speed of NDB was further improved. Meanwhile, vortex occurring more reduced the debris carrying capacity though the drilling performance of NFB was enhanced, and debris was easily accumulated at the junction because the diameter difference between the bit and drilling hole was close. And the bit surface continuous grind on the wall under the rotary action led to the increase of rotary resistance and drilling resistance; thus, the rotatory speed and drilling speed of hydraulic rock drill decreased with the increasing of water pressure. The vibration displacement and the changing rate of three configuration modes were shown in Figure 18 , in which the NWB changing rate was taken as reference and the mean vibration displacement was taken as the final value. From Figure 18 , the disorder of vibration displacement indicated that NDB mode had no superiority compared with NFB to reduce the drill rod deflection, but the differences were all lower than that of NWB except on the 35 MPa. This was because the installation position of side nozzle was not reasonable causing the reaction of the water jet on the drilling bit and leading to the deflection of the drill rod. From the point of view of vibration, the NFB was the best, followed by the NDB, and the worst was the NSB. For example, the decrease rate of the vibration displacement in 30 Mpa of the NFB, the NDB, and the NSB was 97.2%, 56.64%, and −147.16%, respectively, which indicated that the high-pressure water jet was helpful not only to reduce the drill rod deflection, but also to reduce the probability of drill rod bending and improve the drill rod service life. As shown in Figure 18 , the vibration displacement at point 1 was larger than point 2 at the same water pressure for the NFB and NSB, which indicated that the overall deflection of drill rod had arisen. Moreover, the vibration displacement difference value of two measured points decreased with the increase of water pressure and the difference was less than that of the NWB, which indicated that the high-pressure water jet was helpful not only to reduce the drill rod deflection, but also to reduce the probability of drill rod bending and improve the drill rod service life. The haphazard of the vibration displacement at two measured points under the same water pressure showed the low probability of drill rod overall deflection; thus, the NDB had superiority in reducing drill rod deflection.
Conclusions
In the present work, the mechanism of water jet assisted rock drilling was explored and the high-pressure sealing device was designed to solve the sealing problem of the rock drilling assisted with water jet. In addition, the drilling performance was explored based on the analysis of drilling speed and vibration displacement combined with the numerical study of flow field under different configuration modes, and the following conclusions were obtained:
(1) The theoretical research indicates that the water jet can reduce the drilling force and the jet pressure must exceed the rock critical stress to ensure that the rock can be slotted using the jet during crack generation or 0 ≥ 0 to reduce the drilling force to the minimum in the process of crack propagation. ( 2) The simulation analysis of flow field under different configuration modes showed that the distribution of velocity could be divided into four zones, and the NFB had better auxiliary rock breaking effect, followed by the NDB, and the worst was the NSB under the same pressure. Also, it could be derived that the NDB had better debris carrying effect at the upper surface. (3) The analysis of the experimental data considering the drilling speed indicated that the NDB was the best, followed by the NFB, and the worst was the NSB for pressure more than 20 MPa. For example, for a water jet pressure of 30 MPa, the increase rate of the drilling speed of the NDB, the NFB, and the NSB was 24.0%, 9.26%, and −24.193%, respectively. But the variation rate of the diameter for NFB was inferior to other two configuration modes. (4) From the point of view of vibration, the NFB was the best, followed by the NDB, and the worst was the NSB. For example, the decrease rate of the vibration displacement in 30 MPa of the NFB, the NDB, and the NSB was 97.2%, 56.64%, and −147.16%, respectively, which indicates that the high-pressure water jet was helpful not only to reduce the drill rod deflection, but also to reduce the probability of drill rod bending and improve the drill rod service life for NFB and NWB.
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